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Abstract 
In this paper, we first outline the Thales EC-supported project INVENVORG, which investigates the effects of the 
environmental factors on non-treated organic materials, namely bone, woolen textile, parchment, paper and wood. The project 
planning includes an accelerated ageing study (with exposure to elevated temperatures and relative humidities, light and 
pollutants) and then a natural ageing study in monitored museums environments, followed by the statistical correlation analysis 
of the material properties after accelerated and natural ageing with the environmental stresses, in order to determine the real life 
relative contribution of the various environmental parameters to material ageing. 
After a literature review concerning the exhaustive research on the accelerated ageing of paper, the experimental design 
pertaining to paper is presented. Accelerated ageing will be used for the production of artificially aged samples that emulate 
aged paper in a controlled manner. A preliminary ageing experiment will help determine the most suitable conditions, and will 
provide data that will be correlated to those produced by natural ageing. Virgin and artificially aged samples will then be 
exposed for 2 years to closely monitored museums environments. Tearing strength, degree of polymerization determined by 
viscometry, pH and the color coordinates of the CIEL*a*b* colour system will be determined and used for the statistical 
analysis. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction: The INVENVORG Project 
This paper presents the experimental design pertaining to paper, in the framework of the Thales EC-supported 
project INVENVORG. Project INVENVORG was launched in the beginning of 2012 and investigates the effects 
of the environmental factors on the major representatives of non-treated organic materials, namely bone 
(representative of hard tissue proteinaceous materials), woolen textile (keratinous composition), parchment 
(collageneous material), paper and wood (cellulosic and cellulose-lignin structure). These materials constitute the 
major ingredients of most objects stored in natural history and folk-ethnographic museums, libraries and archives 
but also of many artefacts kept in historical and archaeological museums and are decaying at a fast rate.  
As stated verbatim in the project proposal: Amongst the materials constituting Cultural Heritage, organic 
materials of animal origin (proteinaceous materials such as bone, antler, horn, ivory, leather, parchment, woolen 
textiles, silk etc.) as well as of plant origin (cellulosic or lignocellulosic e.g. wood, paper, straw, cotton or linen 
textile etc.) are the most susceptible to damage and decay due to their exposure to biotic and abiotic factors. Air 
pollution, inappropriate values and fluctuations of ambient temperature and humidity, light and microorganisms in 
museums, favor the complete decomposition of these materials. Most prone to decay are the organic materials that 
have not been treated in a way to enhance their resistance to decay caused by environmental factors. Therefore 
within the museum community it is critical to define and to achieve the most suitable environmental conditions for 
the preventive conservation of these materials either in storage, display and/or in transit. Non-treated organic 
materials constitute a great proportion -if not the majority- of the manufacturing materials of artefacts in folk-
ethnographic museums, natural history museums, libraries-archives as well as in historical and archaeological 
museums. Furthermore, these kind of organic materials exist as component-structural materials of artefacts hosted 
in modern art collections or other types of museums. 
The major target of the project is to study the contribution and the effects of the various environmental factors 
on the artificial and natural ageing of the above-mentioned materials. To that end, during the first phase of the 
project, samples of these materials will be subjected to artificial ageing under various setups utilizing the most 
important stress factors found in the literature. In the second phase, the samples will be exposed to real monitored 
museum environments for various time intervals and will then be analyzed by the same methods used for the 
characterization of the virgin and artificially aged samples. Statistical methods will be used to correlate decay 
factors with the extent and type of damage. 
The project enhances inter-disciplinarity and trans-disciplinarity focusing less on scientific disciplines and more 
on research domains according to the recommendation of the Commission of the European Communities as 
expressed in the “Communication from the Commission to the Council and the European Parliament – Delivering 
on the modernization agenda for Universities: Education, Research and Innovation” [Brussels, 10/05/2006, COM 
(2006), 208 final].  
In order to achieve the goals of the project, there will be close collaboration between all the research teams 
brought together from various academic/research institutes across Greece and Denmark: 
Research Team 1:  
 
• Technological Educational Institute of Athens (TEI-A) - Department of Conservation of Antiquities and Works 
of Art (DCAWA), Organic Materials Conservation Laboratory and Physicochemical Diagnostic and 
Documentation Methods Laboratory 
• Danish Royal Academy of Fine Arts (DRAFA), School of Conservation, Object Conservation Laboratory 
• TEI of Piraeus - Department of Textile (TEI-P), Textile Fibers Laboratory 
Research Team 2: 
• National Technical University of Athens - Department of Mechanics (NTUA), Strength Test Laboratory 
• Clothing Textile & Fibre Technology Development Company (CLOTEFI), Testing Laboratories 
Research Team 3: 
• Foundation for Research and Technology of Patras - Institute of Chemical Engineering and High Temperature 
Chemical Processes (FORTH/ICE-HT), Applied Molecular Spectroscopy Laboratory 
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• University of Patras - Department of Chemical Engineering (UoP), Lab8: Physical Chemistry and High 
Temperature Spectroscopy Laboratory 
Research Team 4: 
• University of Ioannina - Department of Chemistry (UoI), Peptide Chemistry Laboratory 
Research Team 5: 
• Technical University of Crete - Department of Environmental Engineering (TUoC), Atmospheric Aerosols 
Laboratory 
Research Team 6: 
• Athens University of Economics and Business – Department of Statistics (AUEB), Statistical methodology and 
data analysis Laboratory 
 
The research teams are representative active members of the state-of-the-art in the respective fields. The project 
aims at developing stronger links among European researchers by inviting the researcher from the Danish Royal 
Academy of Fine Arts (DRAFA), School of Conservation. This aim is crucial to the building of the European 
Research Area (ERA) and to the strengthening of the foundations of scientific excellence across Europe. 
2. Literature Review 
Of all the materials stored in museums, archives and libraries, paper is the most extensively studied, mainly 
because of its importance as a ubiquitous industrial material. There exist numerous studies concerning the impact 
of the environment on the ageing of paper, which have been critically reviewed in several publications (Feller et al. 
1986; Fellers et al. 1989; Emsley & Stevens 1994; Feller 1994; Shahani et al. 2001; Zervos 2010; Area & 
Cheradame 2011). The most important of them are collectively presented below, organized by their objectives and 
findings. These studies: 
 
• Report on, elucidate and correlate with the conditions of ageing the mechanisms that are responsible for the 
accelerated ageing of paper (Feller et al. 1986; Fellers et al. 1989; Emsley & Stevens 1994; Feller 1994; Zou et 
al. 1994; Zou et al. 1996a; Shahani et al. 2001; Barański et al. 2004a; Barański et al. 2004b; Calvini 2005; 
Barański et al. 2006; Calvini et al. 2008; Stephens et al. 2008; Stephens et al. 2010). 
• Propose kinetic models that correlate the rate of degradation with temperature, relative humidity, paper acidity, 
paper additives concentration, atmosphere composition etc. (Graminski et al. 1979; Shafizadeh & Bradbury 
1979; Erhardt et al. 1987a; Erhardt 1989; Erhardt 1993; Zou et al. 1993; Zou et al. 1994; Zou et al. 1996a; 
Barański et al. 2004a; Barański et al. 2004c; Stephens et al. 2008). 
• Report on the effects of the urban atmospheric pollutants (SO2, NOχ και Ο3) on the rate of ageing (Daniel et al. 
1990; Herrera 1990; Havermans 1995; Daniel 1996; Begin et al. 1999; Reilly et al. 2000; Proniewicz et al. 
2001; ASTM D 6833-02 2002). 
• Report on the effects of light and ionizing radiation on the stability and ageing of paper (Hon 1981; Wilson & 
Parks 1983; Feller et al. 1986; Lee & Feller 1986; Lee et al. 1989; Andrady et al. 1991; Leclerc & Flieder 1992; 
Bailey & Lamont 1993; Heitner 1996; Havermans & Dufour 1997; Adamo et al. 1998; Bukovsky 2000a; 
Bukovsky 2000b; Forsskåhl 2000; ASTM D 6789-02 2002; Bukovsky & Trnkova 2003) 
• Propose and standardize various paper accelerated ageing protocols (ISO 5630-2 1985; ISO 5630-1 1991; ISO 
5630-3 1996; Bansa 2002). Specifically, in 2002 a protocol was proposed and standardized for ageing in sealed 
vessels, which was proved to simulate natural ageing better than the previous ones (Shahani et al. 2001; Begin 
& Kaminska 2002). 
• Have identified the products of natural and accelerated ageing of paper, and to a certain degree have correlated 
them and their concentrations with the conditions of ageing (Erhardt et al. 1987b; Erhardt et al. 1999; Shahani et 
al. 2001; Lattuati-Derieux et al. 2006; Strlič et al. 2007; Strlič et al. 2009; Stephens et al. 2010). 
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• Propose various techniques for the estimation of the service life of paper, based on accelerated ageing and the 
use of Arrhenius studies (Bansa & Hofer 1989; Strofer-Hua 1990; Emsley & Stevens 1994; Zou et al. 1996a; 
Zou et al. 1996b; Shahani et al. 2001; Ding & Wang 2007; Zervos 2010). 
• Have investigated and propose the most efficient methods for the characterization of paper and for the 
quantification of the results of paper ageing (Shahani 1995; Shahani et al. 2001; Strlič et al. 2005; Zervos & 
Moropoulou 2006; Strlič et al. 2007; Zervos 2007b; Lichtblau et al. 2008; Strlič et al. 2009). 
 
Most of these studies include the exposure of samples of various types of contemporary and historic paper to 
controlled atmospheres inside ageing chambers, that is, the use of accelerated ageing. The temperatures used range 
from ambient up to 1000°C, usually between 70 to 100°C (Emsley & Stevens 1994; Shahani et al. 2001; Zervos 
2010). These experiments have utilized the full range of all possible combinations of temperatures and relative 
humidities. The cycling of relative humidity and temperature has also been studied (Shahani et al. 1989; Bigourdan 
& Reilly 2002). 
3. Paper Ageing Experimental Design 
For the above-mentioned reasons, the study of paper ageing was excluded from the first stage of this project. A 
new study of the accelerated ageing of paper in the framework of this project’s design and objectives was 
considered redundant, since it would have added considerably to the cost but would have not produced new 
knowledge. Contrariwise, there are very few studies of the natural ageing of paper, and most of them concern 
ageing in non-monitored environments (Wilson et al. 1955; Wilson & Parks 1980; Wilson & Parks 1983; Zervos 
2010).  
Nevertheless, two accelerated ageing experiment are planned, with the following objectives: The first - which is 
underway - is a multi-withdrawal, single temperature and relative humidity experiment, which will help determine 
the overall degradation behavior of the samples, that is, the dependence of the extent of degradation on the duration 
of ageing. The results of the first experiment will be used for the determination of the optimum duration for the 
second ageing experiment, which has as a single objective the production of samples that emulate aged paper in a 
controlled manner (Sclawy 1981; Porck 2000; Calvini & Gorassini 2002b; Calvini & Gorassini 2002a; Zervos 
2007b).  
Concerning the choice of paper samples, it was decided that pure cellulose paper should be studied, since it 
would represent the simplest possible chemical system. The existence of additives, lignin and other components of 
commercial paper may introduce many unknown factors and would add to the complexity of the system, making 
very difficult or even impossible to determine and isolate trends. Thus, Whatman no 2 filter paper was used for the 
preparation of samples, a standard paper with repeatable properties which has been extensively studied and widely 
used to model pure cellulose paper, since it comprises pure cotton with no additives, fillers or sizing (Daniels 1976; 
Moropoulou & Zervos 2003; Zervos & Moropoulou 2005; Zervos 2007b). An industrial historic alum/rosin-sized 
lignin containing paper, similar to historic paper stored in museums, libraries and archives will also be used in its 
virgin state in the second phase. 
It has been shown that ageing paper at medium to relatively high humidity levels (50-80%) and at temperatures 
around 80-90°C, simulates natural ageing sufficiently well (Erhardt & Mecklenburg 1995). Both accelerated ageing 
experiments are planned to be performed at 90°C and 78% RH in sealed vessels (adaptation of ASTM D 6819-02 
2002 ageing standard). The RH inside the sealed vessels can be set at 78% by use of saturated NaCl solutions 
(Greenspan 1977). Although we initially opted for 80°C, time restrictions called for higher temperatures. 90°C lies 
well within the acceptable temperature range and does not induce degradation reactions irrelevant to natural paper 
ageing (Erhardt & Mecklenburg 1995). The 10 degrees temperature increase should speed up the ageing reaction 
by a factor of 2 - 4, since according to the relevant literature a rise of 5 – 10 degrees doubles the speed of the 
reaction (Zervos 2010).  
In previously published papers (Zervos & Moropoulou 2005; Zervos 2007a), we presented the study of the 
accelerated ageing of the same paper (Whatman no 2) at nearly the same RH (75%), but at a lower temperature 
(80°C). Results of these studies, presenting the ageing profile of Whatman no 2 paper, as determined by following 
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various properties during ageing, can be seen in fig. 1. This experiment lasted up to 150 days, when all usability 
was lost, as indicated by the zeroing of folding endurance, with 4 intermediate withdrawals. In order to duplicate 
this ageing profile at 90°C, and after taking into consideration the rule of thumb presented above about the 
temperature dependence of paper degradation, we decided that ageing should last for at least 50 days, with 
withdrawals every 10 days. For the determination of the “optimum” duration of ageing for the preparation of aged 
samples that will be used in the second phase, the two graphs at the bottom of fig. 1 were considered. These graphs 
show two of the mechanical properties of Whatman paper, namely folding endurance and tensile strength, and 
indicate that there is a turning point between 90 and 120 days of ageing, where the decline of the properties 
accelerates. Our target is to age paper up to that point, which will be determined from the ageing profile created at 
90°C. Thus, paper will be sensitized towards ageing and there is a good chance that the aged samples will show 
property changes after the exposure to the museums environments (Feller 1977; Feller et al. 1986; Feller 1994). 
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Fig. 1. Ageing profiles of Whatman no 2 paper, as determined by following various properties during ageing at 80°C and 75% in sealed vessels 
(Zervos & Moropoulou 2005; Zervos 2007a). 
In the second phase of the project, virgin and artificially aged samples prepared in the first phase will be 
exposed to real museums environment to undergo natural ageing. The study of natural paper ageing in real typical 
museum environments is extremely useful, provided that the environmental conditions would be closely monitored. 
Such a study would offer valuable insight into the real life relative contribution of the various environmental 
parameters (temperature, relative humidity, light, gaseous pollutants) to paper ageing. For these reasons, paper 
samples will be included in the second phase of this study, that is, the exposure of paper samples to real monitored 
museum environments. The samples will include virgin and artificially aged paper that will be examined by the 
same methods used for the characterization of the naturally aged samples. According to the project proposal, there 
will be one sample withdrawal near the end of the project, so that the natural ageing will last for 2 years. The 
samples will then be characterized and their properties will be compared to those of the virgin and the artificially 
aged samples. A rigorous statistical study of the results will hopefully reveal the relative contribution of the various 
degradation factors on the overall deterioration. In addition, one full set of paper samples will be left in the 
museums for future studying, after the end of the INVENVORG project. 
According to the planning of the project, the properties showed in the following table (table 1) will be 
determined. These properties are considered as the basic representatives of the chemical, mechanical and optical 
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properties of paper and are recommended in several studies as the most sensitive to ageing (Zervos & Moropoulou 
2006; Zervos 2010). The table indicates the relevant standards for the properties determination and an estimation of 
the variability of each property derived from the indicated literature. 
 
Table 1. Properties that will be determined for the characterization of the samples. 
Property Standard Standard Deviation 
Degree of Polymerization by 
viscometry 
(ASTM D 1795-96 R2001) Less than 1.1% (Zervos 2007) 
pH of the cold extract of paper or by 
contact electrode 
(ISO 6588 1981) Around 1.3% and for aged samples never exceeded 
2.2% (Zervos 2007) 
Tearing resistance (Elmendorf 
method) 
(ISO 1974 1990) Repeatability about 3.5% (ISO 1974 1990) 
Color (CIEL*a*b* color space): L* 
and b* coordinates 
(ASTM D 2244-93 1993) L* less 1% - b* between 4% and 6% (Zervos 2007) 
  
The number of the repetitions per measurement is stated in the relevant standards. Experience and literature 
indicate that paper is a highly inhomogeneous material. Thus, randomization of the samples is of utmost 
importance. Whenever cost is not an issue, it is also considered good practice to repeat a measurement until all the 
available sample is depleted, compensating thus for the inhomogeneity of the material and increasing the precision 
of the measurement (Zervos 2007b). 
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